(reducing the rate of water-disposal), condensation may occur in the cathode porous layer, clogging the pores and 48 blocking the transport of species to the reaction sites. For these reasons, water management within a PEMFC is a 49 critical issue (Mazumder & Cole, 2003 a&b) , especially during prolonged periods of operation.
50
Despite this, the majority of CFD models for PEM fuel cells either do not consider the effects of liquid-water 51 flooding on cell performance or use simplistic assumptions. In the last decade or so there have been various 52 analytical, semi-empirical, one-dimensional and two-dimensional PEMFC models that have been proposed by 53 Bernardi et al.(1990 Bernardi et al.( , 1992 , Springer et al.(1991) , Fuller & Newman (1993) , Nyugen et al.(1993) , Amphlett et 54 al.(1995) , Standaert et al.(1996 Standaert et al.( ,1998 , Bevers et al.(1997) , Hubertus et al.(1998) , Gurau et al.(1998) , Yi et 55 al.(1998) , Eikerling et al.(1998) , Wohr et al.(1998 ), Singh et al.(1999 , Scott et al.(2000) , Squadrito et al.(1999) , A c c e p t e d m a n u s c r i p t 3 al. (2001) , Wang et al.(2001) , Eaton et al.(2001) , Chan et al.(2003) , Natarajan et al.(2003) , Maxoulis et al.(2004) 58 and Siegel et al.(2004) .
59
The earliest models by Bernardi et al.(1990 Bernardi et al.( , 1992 , Springer et al.(1991) and Nyugen et al.(1993) were semi-60 empirical in nature; based on membrane experimental data used for the calibration of curves.More advanced two-61 dimensional modelling studies can be attributed to Wang et al. (2001) . They studied the effects of two-phase flow 62 and transport of reactant gases within the cathode by applying a multiphase mixing model. Single and two-phase 63 transport regimes were discussed and developed analytically (one-dimensionally), allowing simple quantification of 64 the two separate regimes. They simulated the transition between the water phases occurring at a threshold current 65 density value which corresponds to the first appearance of liquid water at the interface between the membrane and 66 the cathode. Despite the model being fairly comprehensive, their studies were limited to cathode zone simulations; 67 as a result it is unclear as to how well the model would cope with full PEMFC simulations.
68
Later, You & Liu (2006) developed a 2-D, two-phase multi-component mixture model to describe the two-69 phase flow field in the flow channel and the GDL. This model was based on a multi-component mixture model 70 proposed by Wang & Cheng (1997) ., The study considered the effects of two-phase flow on convection/diffusion 71 and species transport. Polarization curves under different cathode pressures were simulated and validated against 72 the experimental studies conducted by Huang (2000) . They concluded that with an increase of the cathode pressure, 73 both the oxygen molar concentration and exchange current density increase resulting in enhanced fuel cell output 74 voltage for a given over-potential.
75
Analytical, semi-empirical, 1-D and 2-D modeling studies are sufficient for predicting cell performance in 76 the rate limited regimes, however, when mass transport limitations arise they tend to be highly inadequate as the 77 effects of cell geometrical configurations on mass transport are not accounted for. Hence, in the context of design 78 optimization efforts that would make PEM fuel cells commercially feasible, 3-D CFD modeling studies are 79 imperative as they help in gaining better understanding of the realistic physical phenomena associated with the bulk 80 flow in the gas channels and the orthogonal flow within the electrodes and parallel to the membrane. 81 Dutta et al. (2000 Dutta et al. ( , 2001 developed a 3-D fuel cell model.. The developed models were capable of solving 82 for species concentrations along the gas channels and current density over the membrane surface. This model was 83 configured to match a number of different flow cases from the work of Yi et al.(1998) and Fuller et al. (1993) 84 investigating dry oxygen and humidified air cases and co-flow/counter-flow cases. The effect of porosity on the A c c e p t e d m a n u s c r i p t 4 diffusion coefficient was accounted for by arbitrarily decreasing the binary diffusion coefficients by 50% rather than 86 using a more comprehensive Bruggeman correlation. Linear extrapolation was used to allow grid independence by 87 interpolating species concentrations on the catalyst layer surfaces. The model was used to investigate two-88 dimensional current density distributions, which is only possible with a three dimensional model, and the width-89 averaged current density distributions across the membrane. 90 Mazumder et al. (2003a) presented a rigorous 3-D model for PEM fuel cells.with no liquid water transport 91 present. Later, (Mazumder et al. (2003b) 102 Um & Wang (2004) presented a 3-D CFD model including gas channels and MEA similar to that of Dutta et 103 al. (2000, 2001) . A single domain model features a detailed MEA water transport model which was used to compare 104 two different flow-fields, namely straight and inter-digitated patterns. Their model shows that forced convection 105 created by the use of inter-digitated flow-fields, (through the use of a positive pressure gradient) improves the flow 106 of oxygen to the cathode catalyst layer and improves the removal of water enhancing the overall performance of the 107 cell.
A c c e p t e d m a n u s c r i p t 5 over potential is assumed. As with all single-phase models there was significant discrepancy found between the 114 model and experimental results at high current densities due to the effects of water flooding.
115 Lum et al. (2005) presented a steady-state, three dimensional, isothermal model of a full PEM fuel cell, 116 similar to that of Dutta et al.(2000) ,. The model was single-phase, only considering the vapour phase of water. This 117 model was validated both globally and locally at points along the gas channel using experimental data from a 118 segmented fuel cell.. A deviation from experimental results was found at high current density/high humidity due to 119 liquid water flooding. However, at a lower humidity/current density, excellent agreement with the experimental data 120 was observed. It was found that there was a limiting permeability below which very little performance deterioration 121 will occur as in the gas diffusion layers the flow is diffusion dominated, which has also been observed in this study.
122
This is not observed experimentally. In practice permeability will have a marked effect as liquid water will directly 123 affect the reactant flow rates and result in a significant performance drop, especially in fuel cells facilitated by 124 forced convection such as inter-digitated flow-fields.
125 Sivertsen & Dijali (2005) developed a 3-D single phase, non-isothermal PEMFC computer model, accounting 126 for distributed overpotential at the cathode catalyst layer and heat sources at each electrode, also incorporating, heat 127 transfer in the solids and gases. Mass transport was described by the Stefan-Maxwell equations by calculating binary 128 diffusion coefficients. To account for additional drag caused by the irregular shape and length pore scales, an 129 effective diffusion coefficient was used in the simulations, which assumes a constant tortuosity factor of 3. The 130 water transport phenomenon was based on the model proposed by Janssen (2001 The studies show that changing A c c e p t e d m a n u s c r i p t 6 and inter-digitated flow-fields, ignoring the effects arising from multi-physics and coupled flow/mass-transport in 142 the process. The remainder of the 3-D PEMFC studies that considering water-flooding are either based on simplistic 143 treatments such as arbitrarily altering the conductivity/binary diffusivities, neglecting changes in 144 porosity/permeability, assuming no interaction between phases in sub-domains or including artificial parameters in 145 water transport models which cannot be determined experimentally. The attempt of this work is to focus on such 146 simplistic assumptions and re-consider the use of diffusivity models derived from the percolation theory, that are 147 computationally inexpensive, to investigate the effects of water flooding.
148 Selyacov et al. (1996) gave an overview of the application of percolation theory to the modelling of transport 149 in porous media. Analytical methods for determining conductivity parameters, such as electrical conductivity and 150 permeability were presented. These methods are derived using microscopic flow models and percolation 151 relationships, considering single and multiphase flows. Pharoah et al.(2006) later reviewed the approaches adopted 152 to model the effective transport coefficients, chemical species diffusivity, electrical conductivity, thermal 153 conductivity and the hydraulic permeability of carbon-fibre based porous electrodes in PEM fuel cells.
154 Nam & Kaviany (2003) were the first to study in detail the effects of the formation/distribution of condensed 160 (1993) . The mass diffusivity model was then used in conjunction with the capillary hydrodynamics, two-phase flow 161 behaviour, water formation rate and the condensation kinetics to determine the 1-D distribution of water saturation.
162 Tseng et al.(2005) performed numerous experiments to study the structure effects of gas diffusion layer (GDL) and 163 microporous layer (MPL) characteristics on the water management/performance of a PEM fuel cell. The pore-size 164 range, pore-size distribution, pore-structure, surface contact angle, electric contact resistance and internal structure 165 (i.e. pore-size distribution and gas-permeability) were determined, using scanning electron microscopy (SEM), In the current study, the effects of liquid water-flooding are investigated by considering a single-phase 3-D 170 PEM fuel cell model, (similar to models developed by Springer et al. (1991) , Dutta et al. (2000) and Lum et al. 171 (2005) amongst others) in conjunction with effective diffusivity models derived from percolation theory based on 172 the works of Selyacov et al. (1996) , Nam et al. (2000) and Tseng et al. (2005) . This work's parametric studies focus 
201
Fick's Law of diffusion (Bird et al., 1960) 
228
The empirical equations used in this work are based on Nafion 117, and can be referred to in works by Springer et 229 al. (1993) . A concise description of the auxiliary models is given below, a more detailed account can be found in 230 Lum et al. (2005) and Dutta et al. (2000) ) amongst others.
231
The net water transport coefficient (eqn. 12) is used to determine the transport of water vapour across the 232 membrane and relates the relative magnitudes of back-diffusion from the cathode to the anode and the electro- 
250
The empirical relations and data fits used in this study have proved sufficient for many previous studies (Lum 251 et al. (2005) , Dutta et al. (2000) ), and so are deemed sufficient in this work.
252 Table 2 A c c e p t e d m a n u s c r i p t 
The gas diffusion layer (GDL) is typically made out of carbon-cloth in the form of a high porosity 261 overlapping fibre structure. The effective diffusivity in such a medium can be related to the electrical conductivity 262 by the Nernst-Einstein equation (Garboczi et al. (1992) ).
263
The GDL electrical conductivity obeys simple scaling laws. Therefore the correlation length and the number 264 of parallel conducting bonds per unit cross-sectional area in the GDL can be determined as a function of the bond 265 occupation probability P b and the percolation threshold P bc using the following equations
Where ξ is the correlation length, n is the number of parallel conducting bonds per unit cross sectional area, v 269 is the critical exponent and P b and P bc are the bond occupation probability and percolation threshold respectively. 280 26] 281 In order to model the effective diffusivity, the saturation within each cell volume must be calculated. The 
284
Where P H20 is the partial pressure of water vapour, and P w sat is the vapour saturation pressure.
285
In this work it is assumed that if the relative humidity in a control volume is higher than 100% the saturation is [34] 298 Further details of the flooding models can be found in Dawes (2007) and Dawes et al. (2008) . 
308
In order to simplify the validation process, the geometry used in this study is identical to that studied by 309 Dutta et al. (2000) . The geometry represents the thin central portion of a fuel cell, one single channel wide. The 310 computational domain does not extend through the membrane, where water and proton transport is handled using the 311 auxiliary equations. 
326
Grid and scheme independence checks were undertaken; it was found that the solution was grid independent 327 for the mesh shown in Figure 4 , which contains a total of 14114 hexahedral cells. A scheme independence test found 328 close correlation between the second order upwinding and QUICK schemes, but a large discrepancy with first order 329 upwinding due to the additional artificial diffusion. For this reason second order upwinding was adopted as it proved 330 as accurate as the higher order scheme and reduced computational expense. 
338
The relevant numerical parameters for this study are shown in Table 4 .
339
Results are presented for the developed PEM fuel cell model. Validation is first undertaken by considering 340 constant diffusivity coefficients, in this case the model is numerically similar to current single phase models, such as 341 Lum et al. (2004) and Dutta et al. (2000) and so easily validated. Results from parametric studies into the effect of 342 diffusivity coefficients and permeability are then presented to justify the development in integration of an effective 343 diffusivity mode. Finally the two effective diffusivity models are incorporated and compared to experimental data. 
367
The primary flow is pressure driven, with velocity boundary conditions applied at the inlets and lower 368 pressure boundary conditions applied at the outlets, and as such the pressure of the mixture drops nearly linearly 369 from inlet to outlet where the gauge pressure reduces to zero along the anode and cathode gas channels.
371
In the porous zones ( Figure 5 ) the velocity magnitude is much slower and is close to lateral in direction,
372
showing a net convection of reactants to the catalyst layer. The flow (especially on the anode side) is defined mostly 373 by the reaction rather that by the large inlet velocities. Transport limitations are of critical importance as they reduce 374 the transport across the porous zones, limit the reaction rates and thus the define current density and power output. A wide logarithmic range of gas diffusion layer permeability values were applied to the model and the 438 resulting width averaged current density plots are shown in Figure 11 . From Figure 11 it is clear that any 439 permeability value below 5 x 10 -11 m 2 (a typical gas diffusion layer permeability and the value chosen for this study) 440 any changes in the current density cease. As the effects of saturation are only going to reduce the reactant phase 441 permeabilities further than the absolute permeability, this parametric study shows that the incorporation of a relative 442 permeability model into the single phase model will not have any effect.
444
The simulation was undertaken with a variety of different diffusivity coefficients (see Figure 12 ). Diffusivity 445 coefficients were scaled up and down (the resulting current density plotted as shown in Figure 14 ). In this case 446 '100% diffusivity' refers to the diffusivity calculated by equation 24. Each diffusivity coefficient was then increased 447 by 20% and 40% then decreased by 20%, 40% and 60%.
448
With decreasing diffusivity, the local current density and total averaged current density both decrease. The 449 reduction in diffusivity is felt strongly at the inlet of the PEM fuel cell, where the current density is large and the 450 reaction rate and so rate of diffusion from the gas channel to the catalyst layers is very high.
451
Unlike for the permeability parametric study there is a marked decrease in cell performance for realistic 452 changes in diffusivity, so it was decided that the initial assumptions were correct and that a diffusion model alone is 453 sufficient to model flooding in a single phase model. 
460
The implementation of second model resulted in a larger decrease in current density, and so produced results 461 closer to the experimental data of Shimpalee et al. (1999, 2000) . Also, as the first widely used model makes the 462 assumption of a face centred cubic bonding structure for the Bruggeman correlation and uses simple approximations 463 for the saturation dependence, whereas the second diffusivity model has been derived by applying percolation theory 464 concepts specifically to the gas diffusion layer material under consideration, and so provides a model more specific 465 to the GDL material.
467
The result shown in Figure 14 show that that the use of the analytical diffusivity model results in similar 468 predictions to experiment and to the work of Lum et al. (2004) 
492
Simulations were carried out for three sets of physical parameters representing three different humidity cases 493 to study the accuracy of the model for a wide range of conditions, as has also been done by Lum et al. (2004) and 494 Dutta et al. (2000) . The incorporation of the effective diffusivity model resulted in the prediction of cell current 495 densities which were closer to those predicted experimentally at higher current densities without the loss of accuracy 496 at lower current densities.
497
There is still however much room for improvement, as the developed model does not consider the transport of 
Net water transport coefficient 
